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peripheral auditory neurons. These
results therefore suggest that the
neural processing that enables
perceptual filling-in to occur
emerges within the central auditory
pathway and — in keeping with the
earlier electrophysiological and
modelling studies — is manifest at
the level of the auditory cortex.
The data described by Petkov
et al. [7] do not show that A1 is the
neural substrate of the auditory
continuity illusion, merely that the
response properties of some of
its neurons are compatible with
this important phenomenon.
Establishing a more direct link
between auditory induction and the
activity of neurons in A1 or other
brain regions would necessitate
themore challenging experiment of
recording in awake, behaving
animals whilst they experience
illusory continuity. Nevertheless,
neurophysiological investigations
of this and other auditory
perceptual illusions are likely to
play an increasingly important role
in our attempts to explore the brain
processes that enable our complex
acoustic world to be interpreted.
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Figure 2. A neurophysiological correlate of auditory induction has been described by
Petkov et al. [7] in monkey primary auditory cortex.
Schematic illustrating one of the response types observed in this study. This neuron
gives a sustained response to a continuous tone (A) and shows a reduction in activity
when a gap is introduced in the middle of the tone (B). However, if the gap in the dis-
continuous tone is replaced by loud noise — which, so long as it contains energy at the
induced frequency, would produce the percept of a continuous tone — the neuron
again responds in a sustained fashion (C).
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R801Sex Ratios: Human Twins and
Fraternal Effects
Historical data from Finnish populations reveals that, for females,
exposure to a male twin in the womb may have significant, life-long,
effects on subsequent fitness, with profound implications for the
evolution of sex ratios and brood size.Sarah C.L. Knowles
and Ben C. Sheldon
‘‘We allow 30% of the females
to develop normally. The
others get a dose of male sex
hormone. Result: they’redecanted as freemartins —
structurally quite normal
(except, he had to admit, that
they do have the slightest
tendency to grow beards), but
sterile. Guaranteed sterile.’’
— Aldous Huxley, Brave New
World, 1932In Brave New World, Aldous
Huxley’s vision of a dystopian
future, the majority of women are
‘freemartins’: exposed to male
hormones before birth they thus
experience enforced sterility. The
term freemartin predates Huxley,
and has long been applied to cows
to describe female calves that are
the product of twin births and
which are sterile; as a result of
chorionic membrane sharing, the
female calves are exposed to
male-derived hormones which
effectively sterilise them. Similar, if
less extreme effects have been
quite extensively studied in other
Current Biology Vol 17 No 18
R802Figure 1. Historical records
of Finnish families were
kept in some detail by the
Lutheran church in the
18th and 19th centuries.
Recent work [8] shows that
the sex composition of
twins had important effects
on their reproductive fit-
ness (image courtesy of
V. Lummaa).mammals. A substantial body of
work on rodents has shown that the
intrauterine position of females,
relative to males, can affect their
morphology, physiology and
behaviour as adults [1]. For
example, female mice that occupy
a position in the womb between
two males tend to show
masculinised morphology and
increased levels of aggression later
in life [2]. Further work [3] showed
that this effect could be explained
by leakage of testosterone in utero;
becausemale foetuses have higher
levels of testosterone than females,
a female positioned between two
males is particularly likely to
experience elevated levels. The
long-term effects of exposure
to sex hormones in utero
demonstrates that these hormones
have strong ‘priming’ effects,
where a short-term exposure can
lead to long-term developmental
consequences.
Sex differences in physiology,
reproduction and life-history are
almost inevitable in organisms with
separate sexes. These differences
lie at the heart of a whole sub-field in
evolutionaryecology,which involves
the study of sex ratios (the
proportion of male and female
offspring in a family) or sexallocation
(the way resources are divided into
males and females). Differences inhow the sexes respond to the
environment, very broadly defined,
lead to natural selection favouring
the production of one sex or the
other; such adaptive sex ratio
adjustment has been demonstrated
for many taxa [4–6]. Generally,
models assume that parents control
brood sex ratio in accordance with
thedifferential fitness returnsof sons
anddaughters.However,when there
are sex-biased interactions among
siblings, this can cause changes
in the ideal sex ratio from thepoint of
view of the parents [7]. A new study
by Lummaa et al. [8] shows that,
for humans, the sex of a co-twin
can have a large effect on the
subsequent reproductive
performance of females. This has
important consequences for our
understandingof theevolutionofsex
ratios and polytoky (the production
of multiple offspring in a litter).
While the evidence for prenatal
effects of testosterone exposure
are well established in rodents and
ungulates, there is little evidence as
to the long-term effects of such
exposure in terms of individual
fitness under natural conditions.
This is unsurprising, as measuring
fitness for individuals in natural
populations at sufficient scale to be
able to compare individuals that
had experienced different familial
pre-natal environments would bevery difficult. Perhaps a rare
example where data might be
available for sufficient ‘wild’
individuals concerns humans.
Lummaa et al. [8] exploited
long-term research projects that
have catalogued details of human
life-histories in Finland in the 18th
and 19th centuries (Figure 1), to ask
whether there was any evidence for
these sort of sex interactions in
human twins. The key elements of
these projects are, first, that the
Lutheran church recorded births,
marriages and deaths in some
detail for the entire Finnish
population during this time, and
second, that the data were
recorded before the effects of
modern health-care influenced
human demography. These data
have provided a rich source for
other tests of the evolution of
human life-histories [9,10].
Previous work on humans has
suggested that, for female twins,
having a male co-twin may lead to
morphological masculinisation [11]
and more male-like behaviours and
attitudes later in life [12], but until
now there has been no firm
evidence of effects on ‘fitness’
measures, perhaps because these
are commonly ameliorated by
modern health practices.
Lummaa et al.’s [8] data show two
clear effects on the fitness of female
twins of having a male co-twin
(Figure 2). Compared with females
that had a same-sex co-twin,
females with a male co-twin
experienced a 25% reduction in the
likelihood of childbirth, which was
largely due to a 15% reduction in
their chances of marrying (rather
than differential mortality, or other
effects). Second, females with
a male co-twin reproduced at
a lower rate, with the effect that they
produced 40% fewer offspring over
their lifetimes compared to other
twins. Combining these factors
suggests that the overall effect of
having a male co-twin was to
reduce a female’s fitness by as
much as 55% — a remarkably
strong effect. Females with a male
co-twin were the only twins to suffer
such an effect; as male and female
foetuses have similar levels of
oestrogen, no effect of a female on
a male would be expected.
The data in the new study [8]
do not establish the precise
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Figure 2. Effect of sex com-
position on fitness compo-
nents for human twins born
in Finland in the 18th and
19th centuries (white bars
females, grey bars males).
Female twins that had a
male co-twin were both less
likely to marry (A) and pro-
duced offspring at a lower
rate even if they married;
this resulted in lowered
lifetime fecundity (B). Re-
produced, with permission,
from [8] Copyright (2007)
National Academy of Scien-
ces, U.S.A.mechanism responsible for the
effect, and indeed doing so would
be difficult because the data are
historical in nature. They do,
however, show convincingly that
the effect is pre-natal in origin.
First, there were no correlates of
twin combination in terms of
parental social status or the quality
of the environment they inhabited.
Second, and most importantly, the
detrimental ‘fraternal effect’ of
a male co-twin was found even in
those cases where the male twin
died shortly after birth. Hence,
post-natal competition or rearing
effects could be discounted. While
the hormonal mechanism seems
most plausible, especially as the
effect of a male co-twin is seen
solely among females, others
might be worth considering,
including effects of gestation time
[13], or intra-womb competition.
These findings have implications
for our understanding of the
evolution of two aspects of
reproduction in mammals in
general. First, as suggested by
Uller [7], such interactions imply
that selection on the sex ratio will
be disruptive, favouring either
all male, or all female, twin pairs.
In this sense, this would be an
example of selection acting on thevariance in the sex ratio, rather than
its mean. Most studies of sex ratio
variation address selection on the
mean, or adjustment of the mean
in response to the environment;
however, there are cases of sex
ratio evolution in invertebrates
where sex ratio variance has
apparently evolved (and examples
of both increases and decreases
are known [14,15]). Intriguingly,
there are some data from humans
suggesting that same sex twin
pairs are commoner than expected
among dizygotic twins [16]. As
pointed out by Lummaa et al. [8],
however, analysis of historical data
on the sex ratio of twins must be
done with caution because relative
rates of mono- and dizygotic
twinning are often estimated
assuming that the sex ratio
compositions in dizygotic twins
follows a 1:2:1 ratio expected from
Mendelian segregation.
Second, if options for maternal
control of the sex ratio are limited,
and in general the evidence is that
mammalian sex ratio control is at
best weak [17,18], the existence of
such strong fraternal effects will
influence optimal litter sizes. The
data from the Finnish population
suggest that, all else being equal,
the fitness of the average twinwould bew13% less than that of
the average singleton purely due to
the male co-twin effect. But we
know that all else is not equal,
and that human twins, in this
pre-industrial Finnish population
as well as in modern populations,
show lower fitness than singletons
[19,20], as expected given the
pervasive trade-off between
offspring number and quality.
Twin births are generally rare in
humans (and cows) and it may be
that in routinely polytocous
species, females are less
susceptible to the negative fitness
effects of fraternal testosterone.
Even if this is the case, the
evidence from this study,
combined with that from rodents,
indicates that for female
mammals even brief exposure to
a brother may have life-long
consequences.
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Signaling Collide
Motor proteins carry scaffolding pro
molecules along cytoskeletal tracks
Recent work has shown that the sign
for the ride. Rather, they can play an
motor that carries them.
Kristen J. Verhey
Intracellular transport is driven
by molecular motors that move
along cytoskeletal tracks and is
responsible for delivering
organelles, vesicles and
macromolecular complexes to
various destinations inside the
cytoplasm. For microtubule-based
transport, kinesin motors generally
drive transport toward the plus
(fast-growing) ends of
microtubules in the cell periphery,
whereas cytoplasmic dynein ferries
cargo to the microtubule minus
ends in the cell center. Two
outstanding questions are: to
which cargo(es) is each motor
linked and how is transport to
specific destinations
regulated?
Work over the last 5–10 years has
begun to answer the first question,
because specific cargoes of
individual motors have been
identified. In many cases, the
motor–cargo linkers have turned
out to be scaffolding proteins with
previously identified functions in
organizing signaling pathways [1].
So kinesin motors drive the
transport of scaffolding proteins
and associated signaling
molecules to specific cellular
destinations. But are the signaling
components merely along for the
ride or do they play a role in17. Sheldon, B.C., and West, S.A. (2004).
Maternal dominance, maternal
condition, and offspring sex ratio in
ungulate mammals. Am. Nat. 163,
40–54.
18. West, S.A., Shuker, D.M., and
Sheldon, B.C. (2005). Sex-ratio
adjustment when relatives interact: A test
of constraints on adaptation. Evolution 59,
1211–1228.
19. Lummaa, V., Jokela, J., and Haukioja, E.
(2001). Gender difference in benefits of
twinning in pre-industrial humans: boys
did not pay. J. Anim. Ecol. 70,
739–746.rafficking and
teins and associated signaling
to specific cellular destinations.
aling components are not just along
important role in regulating the
regulating their own transport
motor?
Support for this latter possibility
now comes from work by the
Saxton and DiAntonio labs [2],
published in a recent issue of
Current Biology. Previous work
showed that the microtubule-
based motor Kinesin-1 binds to
proteins of the JIP (Jun N-terminal
kinase (JNK)-interacting protein)
family, whichwere first identified as
scaffolding proteins for the three
components of a JNK signaling
pathway — the mitogen-activated
protein kinase kinase kinase
(MAPKKK), mitogen-activated
protein kinase kinase (MAPKK),
and mitogen-activated protein
kinase (MAPK) (Figure 1) [3].
Kinesin-1 activity is required to
transport JIPs and associated
signaling proteins to axon
terminals in neuronal cells
(Figure 2A) [4,5]. Overexpression
of JIP1 blocks JNK signaling in
non-neuronal cells [6], presumably
by diluting out signaling
MAPKKK
MAPKK
MAPK
JI
P1
Mammals
DLK,LZK
MKK4,7
JNK1,2,3
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Wnd
Hep
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(1993). Child mortality among twins in
less developed countries. Population
Studies 47, 495–510.
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DOI: 10.1016/j.cub.2007.07.027components, and causes defects
in axonal transport in neuronal
cells [7], presumably by diluting
out transport components. In
a screen for suppressors that
would alleviate the transport
defect resulting from JIP1
overexpression, Horiuchi et al. [2]
identified fat facets (faf) as
a new player in the regulation
of Kinesin-1-dependent
transport.
Faf protein was previously
identified in Drosophila as
a deubiquitinase that plays
a positive role in synaptic
development [8]. Faf activity is
balanced by Highwire (Hiw),
a member of the Pam/Highwire/
RPM-1 (PHR) E3 ubiquitin ligase
family that negatively regulates
synaptic morphology and function
[9]. One potential mechanism by
which Faf and Hiw play opposing
roles in Drosophila synaptic
development is their antagonistic
regulation of Wallenda (Wnd), the
MAPKKK component of a MAP
kinase signaling pathway [10].
Similar studies in Caenorhabditis
elegans have shown that the PHR
ubiquitin ligase RPM-1 negatively
regulates the Wnd homolog, dual
leucine zipper kinase (DLK)-1,
during synapse development [11].
So could Wnd be the link
between the deubiquitinase Faf
and Kinesin-1-mediated transport
of JIP1 (APLIP1 in Drosophila)?
C. elegans
DLK-1
MKK-4
PMK-3 (p38)
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Figure 1. JIP proteins act
as scaffolding proteins for
the three key kinase com-
ponents (MAPKKK, MAPKK,
MAPK) of MAPK signaling
cascades. In Drosophila, Faf
activates and Hiw inhibits
the MAPKKK Wnd, and in
C. elegans RPM-1 inhibits
the MAPKKK DLK-1.
